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high-frequency measurements, the flux of methane from sources and to sinks remains poorly constrained (e.g., 51 Kirschke et al., 2013). 52 Emissions from natural and human-made wetlands and other aquatic environments account for nearly two-thirds 53 of all methane sources, though substantial uncertainty is associated with source strength estimates (Kirschke et al., 54 2013). Methanotrophic processes consume over half of the methane produced in aquatic environments prior to 55 emission into the atmosphere (Reeburgh, 2007) . It is estimated that a large fraction of methane produced in 56 freshwater sediments, as much as 90% at some sites (Oremland and Culbertson, 1992) , is removed via the aerobic 57 oxidation of methane. In addition, soil-dwelling aerobic methanotrophs are responsible for oxidation of a small 58 fraction (~2%) of methane from the atmosphere (Kirschke et al., 2013). Furthermore, activity of methanotrophic 59 bacteria with high affinity for atmospheric methane in Arctic soils has been reported (Lau et al., 2015) . Thus, 60 understanding the magnitude and dynamics of methanotrophic sinks is important for global methane cycle 61 budgets and constraining inputs to climate simulations. 62 The bacterium Methylococcus capsulatus (Bath), an obligate aerobic methanotroph, is a model organism for 63 studies of the genetics, physiology, and geomicrobiology of aerobic methane oxidation in sediments and water 64 columns (Whittenbury et al., 1970; Bowman, 2014) . This organism uses the enzymes soluble methane 65 monooxygenase (sMMO) and particulate methane monooxygenase (pMMO) to oxidize methane to methanol, 66 which is further oxidized to CO 2 as an end product (Hanson and Hanson, 1996) . Carbon derived from methane 67 can also be assimilated into cellular biomass. The overall reaction is thus described by the stoichiometry: Recently, methods were developed to determine the abundance of multiply-substituted "clumped" isotopologues 76 (e.g., 13 CH 3 D) in methane samples to sub-permille precision (Ono et of their potential for use as an isotopic geothermometer that can be accessed via analyses of a single compound 79 (Wang et al., 2004; Eiler, 2007) . Furthermore, clumped isotopologue data provide another dimension for probing 80 kinetic and equilibrium isotope effects and for constraining isotope exchange processes in natural settings (e.g., 81 Eiler and Schauble, 2004, Yeung et al., 2012, and Yeung, 2016 
Cultures

104
Methylococcus capsulatus strain Bath cultures were grown in 10 ml of nitrate mineral salts medium supplemented 105 with 5 µM CuSO 4 (Welander and Summons, 2012) . Serum bottles (160 cm 3 ) were inoculated with 2%(v/v) 106 inoculum from a starter culture that had grown for ca. 30 hours, stoppered and sealed without removing ambient 107 air, and injected with 20 cm 3 SATP (~810 µmol) of methane from commercially-sourced cylinders using a gas-108 tight syringe. Tests indicated that the starting gas compositions were consistent within analytical error (±5%) 109 between serum bottles. Multiple serum bottles were inoculated for each of the two experimental temperatures 110 (Table 1) . Cultures were incubated at 30 or 37 °C while shaking at 225 rpm and sacrificed at given times by 111 adding 1 ml of 1 M hydrochloric acid. Each row in Table 1 shows the composition of one serum bottle at the time   112 at which the experiment was stopped. Experimental timepoints were selected based on monitoring of growth 113 during preliminary incubations of starter cultures (by tracking optical density, see Supplementary Fig. 1 ).
114
However, to minimize puncturing of the serum bottles during the isotopic fractionation experiments, optical 115 densities were not measured for the samples for isotopologue analysis shown in The initial isotopic composition of the methane used was different between the two sets of experiments (Table 1) .
228
As methane was consumed, the δ 13 C and δD values of the residual methane increased ( experiments, the weighted-averages of the fractionation factors were determined, and are listed in Table 1 is 9.14, a value which appears independent of the two growth temperatures tested, and 268 which falls near the middle of the published range.
269
The respectively. These values are indistinguishable from the D ε/ 13 ε ratio derived from regression through our 284 experimental data (9.14 ± 0.14, 2σ; see Table 2 ). multiple sinks, including methane oxidation and mass transport (Fig. 4) . fractionation factors, the partitioning of flows among the removal processes must be considered (Hayes, 2001 ).
442
One example of such an open system is shown in Fig. 4 . Here, methane is carried into the system via advection, 443 and removed by both advection and oxidation. Oxidation of methane has associated fractionation factors 13 α, D α, 
456
This results in a parabolic curve connecting the fully-advective and fully-oxidative endmembers (Fig. 5a ). For 457 aerobic methane oxidation, the curvature on Fig. 5a is always expected to be concave up, because both the 13 α and Table 2 . 487 In the present study, γ values for aerobic methane oxidation were determined (1.0004 ± 0.0006, 2σ, Table 2 ). Caltech for which a related parameter, the Δ 18 value, was found to be in disequilibrium (Stolper et al., 2015) . At 500
Upper Mystic Lake (a 20-m deep seasonally-stratified freshwater lake), bubble traps were deployed ~2 m above 501 the lake floor; the deployment of traps at such deep depths, into the oxygen-depleted hypolimnion (Peterson, 502 2005), was designed to minimize the possibility of aerobic methane oxidation (Wang et al., 2015) . At Lower
503
Mystic Lake (a 24-m deep meromictic density-stratified lake), the monimolimnion (from which the reported 504 sample was taken) is anoxic (Wang et al., 2015) Fractionation factors (ε, defined as α − 1) calculated for individual bottle incubations from this study (Table 1) 
